Introduction {#s1}
============

In yeast, the mature ribosome is a 3.2 MDa ribonucleoprotein complex composed of 79 proteins and four ribosomal RNAs (rRNA) assembled into the small and the large subunit. However, throughout its biogenesis over 200 assembly factors are known to sequentially and transiently associate with pre-ribosomal intermediates that mature as they are trafficked from their origin in the nucleolus through the nucleus to their final cytoplasmic destination ([@bib13]). During the past five decades, the identities of most of the proteins and RNAs involved in this pathway were determined. However, the dynamic nature of this process has hindered our ability to understand the chronology of their assembly and the role of conformational changes in this pathway.

Ribosome assembly starts with the RNA polymerase-I driven transcription of the 35S precursor ribosomal RNA (pre-rRNA) in the nucleolus. This primary transcript contains rRNAs of the small ribosomal subunit (SSU, 18S) and the large ribosomal subunit (LSU, 5.8S and 25S) flanked by external transcribed spacers (5' ETS, 3' ETS) and separated by internal transcribed spacers (ITS1, ITS2). Assembly factors are co-transcriptionally recruited and associate with the nascent pre-rRNA, resulting in a chronology of biogenesis that starts at the 5' end, where the 5' ETS and rRNA for the small subunit reside. The first structurally defined particle that assembles co-transcriptionally is therefore the small subunit processome, a giant precursor of the small subunit ([@bib9]).

Initial studies showed that the depletion of early assembly factors resulted in reduced SSU processome formation ([@bib22]). However, these studies were unable to determine to which pre-rRNA sequences these factors were bound. Recent studies using 3' truncated rRNA mimics provided first insights into the temporal recruitment of ribosome assembly factors to pre-rRNAs, and surprisingly showed that a large number of factors bind to the 5' ETS region, offering the first evidence for a central role of this pre-rRNA sequence ([@bib4]; [@bib39]). The particle containing the 5' ETS region and its associated 26 unique polypeptides was termed the 5' ETS particle ([@bib4]). Factors associated with individual domains of pre-ribosomal RNA have been characterized using biochemical, genetic and structural biology approaches. These studies highlight that the 5' domain is initially chaperoned by U14 snoRNA and assembly factors including Dbp4 and Efg1 ([@bib32]; [@bib33]; [@bib7]; [@bib31]), the central domain is bound by snR30 and assembly factors including Rok1, Utp23 and Rrp5 ([@bib21]; [@bib18]; [@bib37]; [@bib16]), whereas several proteins, including Mrd1 and Nop9 have been implicated in binding later regions of the 18S precursor ([@bib40]; [@bib30]; [@bib36]). A key insight into small subunit processome formation was the observation that these particles can undergo a structural compaction as shown on Miller spreads ([@bib22]).

Based on genetic data, a hierarchical model was proposed ([@bib23]; [@bib24]), which was later extended to suggest that the 5' ETS and its associated factors serve as a mold for the assembly of downstream factors and rRNA domains ([@bib14]).

Recent structural studies of the fully assembled SSU processome have shown that the 5' ETS and its associated multi-protein complexes UtpA, UtpB and U3 snoRNP form a scaffold for the assembly of individual rRNA domains, thus further highlighting the central role of the 5' ETS ([@bib34]; [@bib2]; [@bib6]).

However, since the molecular basis for a hierarchical assembly model of the SSU processome remains elusive, two fundamentally different models can explain the available data:

Early assembly factors could provide a direct and hierarchical support for the recruitment of subsequent proteins and RNAs. Alternatively, individual pre-rRNA sequences could independently recruit their assembly factors and may be mutually dependent on each other for the final SSU processome assembly.

Here we determine the mechanisms underlying the controlled assembly of the SSU processome by using a combination of biochemical, mass-spectrometry and cryo-electron microscopy (cryo-EM) analyses of nucleolar particles preceding the SSU processome. We show that the 5' ETS and stable rRNA domains are functionally independent in their ability to recruit their own assembly factors, and the strict order of events is enforced through molecular switches within the 5' ETS ribonucleoprotein (RNP) that require the presence of all rRNA domains for the final SSU processome to be formed.

Results {#s2}
=======

Stable 18S rRNA domains independently recruit their assembly factors {#s2-1}
--------------------------------------------------------------------

To determine the order in which ribosome assembly factors associate with pre-rRNA, previous systems employed 3' end truncations of rRNA mimics to emulate continuing transcription ([@bib4]; [@bib39]). As a result of this design, these systems cannot distinguish between factors associating with longer pre-rRNA constructs due to independent or hierarchical binding. To address if each rRNA domain can independently recruit its own assembly factors, we modified our previous in vivo system ([@bib4]) ([Figure 1a](#fig1){ref-type="fig"}, [Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). Each MS2 aptamer-tagged pre-rRNA domain was expressed in a strain containing a tagged ribosome assembly factor that was known to associate with it (Utp10, Esf1, Kri1 and Mrd1 for 5' ETS, 5' domain, central domain and 3' major domain, respectively). Tandem affinity purifications were performed using first the tagged RNA via a co-expressed MS2-3C-GFP fusion protein followed by the streptavidin-binding-peptide-tagged ribosome assembly factor ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}). All rRNA mimics, except for the 3' major domain in isolation, were expressed and associated with ribosome assembly factors as shown by Northern blotting and SDS-PAGE analysis of the purified ribonucleoprotein complexes respectively ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). While the control pre-rRNA construct containing the 5' ETS and all rRNA domains was able to capture all SSU processome factors that were previously observed in the fully assembled yeast SSU processome ([@bib2]), surprising patterns emerged for the other isolated pre-rRNA domains ([Figure 1b](#fig1){ref-type="fig"}). Each of the stable rRNA domains directly recruited the factors stably associated with that domain in the context of the complete SSU processome, as well as factors that are only transiently bound and dissociate upon SSU processome formation ([Figure 1b](#fig1){ref-type="fig"}). While the 5' domain and central domain could be stably expressed in isolation, the 3' major domain was unstable when expressed individually, which prevented a direct analysis of its bound factors ([Figure 1b](#fig1){ref-type="fig"}, [Figure 4---figure supplement 1a,b](#fig4s1){ref-type="fig"}).

![The 18S rRNA domains recruit assembly factors independent of the 5' ETS.\
(**a**) Schematics of rRNA mimics with color-coded rRNA domains. (**b**) Bait-normalized (MS2-protein) iBAQ based heat-map (proteins not detected in light brown, low abundance to high abundance in gradient from white to black) of ribosome biogenesis factors co-purified with pre-rRNA constructs shown in (**a**). Each biological replicate (n = 2) is labeled at the bottom and all technical replicates (n = 3, n = 2) are shown. (**c**) Three 90° related views of the cryo-EM structure of the 5' ETS RNP lowpass-filtered to 5 Å with density colored according to subunits. Subunits of UtpA (shades of blue), UtpB (shades of red) and U3 snoRNP (shades of purple with U3 snoRNA in red) are shown.](elife-45185-fig1){#fig1}

Strikingly, proteins that were previously found to require the 3' minor domain of the 18S rRNA for their association with the SSU processome ([@bib4]; [@bib39]) also require the 5' ETS ([Figure 1b](#fig1){ref-type="fig"}). Combined, these data show that stable individual rRNA domains can directly recruit their associated factors and that the 5' ETS and the 3' region of the 18S rRNA are both required for final SSU processome formation. The critical role of the 5' ETS particle for SSU processome formation prompted us to examine its structure by cryo-EM.

Structure of the 5' ETS RNP {#s2-2}
---------------------------

We determined cryo-EM structures of the 5' external transcribed spacer in the context of several nucleolar precursors containing either the 5' ETS alone (17 Å), the 5' ETS and 5' domain (9.5 Å) or a pre-rRNA mimic covering the 5' ETS, 5' domain and the central domain (4.3 Å) ([Figure 1c](#fig1){ref-type="fig"}, [Figure 1---figure supplements 2](#fig1s2){ref-type="fig"}--[3](#fig1s3){ref-type="fig"}, [Figure 4---figure supplements 2](#fig4s2){ref-type="fig"}--[3](#fig4s3){ref-type="fig"}, [Supplementary file 2](#supp2){ref-type="supplementary-material"}). Although individual rRNA domains are flexible and functionally independent modules, we observed the 5' ETS RNP as the unifying and stable structural entity in each of these reconstructions.

Multi-protein complexes UtpA and UtpB as well as the U3 snoRNP constitute the major components of this assembly. Additional proteins such as Utp7, Sof1, and Imp3 with its associated segment of Mpp10 are clearly visible ([Figure 1c](#fig1){ref-type="fig"}). Consistent with their involvement in bridging distant sites within the maturing SSU processome ([@bib3]), 5' ETS proteins Imp4, Sas10, Utp11, Bud21 and large parts of Mpp10 are bound, as shown by mass spectrometry data for each particle ([Supplementary file 2](#supp2){ref-type="supplementary-material"}), but not yet completely ordered in these reconstructions. In the earliest form of the 5' ETS particle, which lacks ribosomal RNA, parts of UtpB (Utp6), Sof1 and the 5' ETS (helix VII-IX) are also disordered ([Figure 1---figure supplement 2a,d](#fig1s2){ref-type="fig"}). In later forms of the 5' ETS particle, Utp6, Sof1 and 5' ETS helices VII-IX as well as an RNA duplex containing U3 snoRNA box A become ordered ([Figure 1c](#fig1){ref-type="fig"} and [Figure 1---figure supplement 2b--d](#fig1s2){ref-type="fig"}). Strikingly, the 5' ETS RNP adopts a structure with significant differences with respect to the SSU processome ([Figure 2a](#fig2){ref-type="fig"}).

![Conformational differences of UtpB in the context of the 5' ETS RNP and the SSU processome.\
(**a**) Two views of the 5 Å lowpass-filtered cryo-EM density of the 5' ETS RNP (left) and the SSU processome ([@bib2]) (right) (EMD-8859). Subunits and dashed arrows indicating conformational changes upon SSU processome formation are color-coded. (**b**) UtpB conformations with its subunits colored in shades of red as in (**a**) in the context of 5' ETS RNP and the SSU processome. (**c**) UtpB conformations in the context of the ETS RNP, the SSU processome and both superimposed, colored according to root mean square deviation (rmsd) between the two conformations. The largest conformational differences are indicated with a black line and the distances between the two positions are labeled.](elife-45185-fig2){#fig2}

Conformational switches in the 5' ETS RNP coordinate the timing of maturation factor recruitment {#s2-3}
------------------------------------------------------------------------------------------------

Conformational switches within the 5' ETS RNP contribute to the regulated formation of the SSU processome by inhibiting binding of late assembly factors that are associated with the compaction of the SSU processome upon completed transcription of the 18S rRNA ([@bib4]; [@bib39]; [@bib3]). Preventing the premature binding of these late factors likely constitutes an important regulatory step, which is catalyzed by UtpB, UtpA and parts of the pre-rRNA.

Compared with the SSU processome, the most dramatic conformational changes occur within the UtpB complex ([Figure 2b--c](#fig2){ref-type="fig"} and [Figure 2---video 1](#fig2video1){ref-type="video"}). This complex adopts a conformation that reconfigures its tetramerization module as well as the tandem β-propellers of Utp12 and Utp13 into a compacted state ([Figures 2](#fig2){ref-type="fig"} and [3a,b](#fig3){ref-type="fig"}). As a result of this large conformational change, several binding sites for other assembly factors are disrupted, such as the bipartite binding site of the late factor Pno1, the binding sites for the C-terminal region of Mpp10, the Rcl1•Bms1 complex, several ribosomal proteins, and the 18S pre-rRNA ([Figure 3c,d](#fig3){ref-type="fig"}). Similarly, the binding sites for Nop14 and Noc4 are formed on the UtpA platform (Utp15), which is initially distorted in the 5' ETS RNP ([Figure 3e,f](#fig3){ref-type="fig"}).

![Conformational switches in the 5' ETS RNP coordinate the timing of maturation factor recruitment.\
(**a, b**) UtpB (shades of red) in the SSU processome (**a**) and the 5' ETS RNP (**b**). Interaction partners of UtpB and Utp15 (UtpA) in the SSU processome are shown and labeled. (**c, d**) UtpB in its SSU processome conformation (**c**) and 5' ETS RNP conformation (**d**). UtpB, colored as in (**a**) is shown as surface with direct interaction partners visualized as cartoon (c, top panel). Protein and RNA interaction interfaces ([@bib15]) of UtpB within the SSU processome are color-coded according to (**a**) onto the surface of UtpB in its SSU processome conformation (c, lower panel) or in its 5' ETS RNP conformation (**d**). (**e**, **f**) Utp15 (UtpA) in context of the SSU processome (**e**) and the 5' ETS RNP (**f**). Movement of Utp15 is indicated with an arrow and a red star. (**c--f**) Interaction interfaces are colored as the interacting factor in (**a**) and labeled in italics.](elife-45185-fig3){#fig3}

In contrast to previously characterized SSU processome particles, which were cut at site A0 ([@bib2]), the incomplete rRNA mimics used in our study did not exhibit significant cleavage at either A0 or A1 ([Figure 4---figure supplements 2c--e](#fig4s2){ref-type="fig"} and [3](#fig4s3){ref-type="fig"}). Continuous density extending from helices VII and VIII of the 5' ETS is for the first time observed between Sof1 and Utp7. This density corresponds to the base of helix IX of the 5' ETS and contains the A0 cleavage site ([Figure 1---figure supplement 2d](#fig1s2){ref-type="fig"}). In the 5' ETS RNP, an RNA linker and helix IX sterically prevent the association of the late binding factor Utp14, which binds in the same region in the SSU processome after A0 cleavage or RNA remodeling ([Figure 4a--d](#fig4){ref-type="fig"}).

![A0 cleavage creates a binding site for Utp14.\
(**a, b**) 5' ETS, U3 snoRNA and sites A0/A1 in the cryo-EM volume of (**a**) the 5' ETS RNP and (**b**) the SSU processome (EMD-8859). Insets highlight the approximate positions of sites A0/A1. (**c, d**) Secondary structure of the 5' ETS (yellow), the U3 snoRNA (red) and the 18S rRNA (gray) as observed in (**a**) and (**b**). Disordered regions are indicated by dashed lines.](elife-45185-fig4){#fig4}

Compaction as SSU processome quality control checkpoint {#s2-4}
-------------------------------------------------------

Within the SSU processome, U3 snoRNA acts as a central organizer, which base-pairs with two segments of both the 5' ETS (5' and 3' hinges) and the 18S pre-rRNA (box A and box A') ([Figures 1c](#fig1){ref-type="fig"} and [4a--d](#fig4){ref-type="fig"}), thereby defining the positioning of rRNA domains within the SSU processome ([@bib34]; [@bib2]; [@bib3]; [@bib5]). While the 5' and 3' major domains are encapsulated by assembly factors, the central domain is more dynamic and bound by fewer proteins including the UtpC complex, Rrp5 and Kri1 ([@bib2]). These observations, together with our mass spectrometry analysis ([Figure 1b](#fig1){ref-type="fig"}) prompted us to probe SSU processome quality control by testing if the base-pairing between U3 snoRNA and pre-18S in the absence of the central domain would be sufficient for SSU processome formation ([Figure 5](#fig5){ref-type="fig"}). The comparison of proteins that copurify with two pre-rRNA segments either containing or lacking the central domain illustrated the high fidelity with which SSU processome assembly is controlled. While the truncated pre-rRNA containing all 18S subdomains was able to form SSU processomes as highlighted by the presence of late factors including Bms1, Utp20 and Kre33, the truncated pre-rRNA lacking the central domain associated with factors that bind the 5' domain (Dbp8, Esf2, Dbp4, Esf1 and Efg1) and 3' major domain (Nop6, Cms1) transiently during early SSU processome formation but did not associate with either central domain or late binding factors. Surprisingly, the nuclear exosome was recruited to the formed SSU processome rather than the construct lacking the central domain, suggesting a function in pre-rRNA processing. These data show that while each rRNA domain can act as an independent functional module, the presence of all rRNA domains is required for SSU processome formation ([Figure 6](#fig6){ref-type="fig"}).

![Compaction as SSU processome quality control checkpoint.\
(**a, b**) rRNA transcripts used in (**c**) with individual pre-rRNA domain boundaries and U3 snoRNA base-pairing sites (box A, A'). Top view of the SSU processome (PDB 5WLC) (**a**) and a theoretical model of the same particle without the central domain (**b**). pre-rRNA domains and the proteins (transparent) they recruit are color-coded. Dotted lines indicate connections between pre-rRNA domains. (**c**) Volcano plot showing the label-free quantification (LFQ) comparison for proteins identified in 5' ETS-18S^3'\ minor^ vs. 5' ETS-18S^Δ\ central^. Log-transformed fold changes (x-axis) and p-values (y-axis). Proteins are color-coded and their relative abundance indicated by sphere size.](elife-45185-fig5){#fig5}

![Model of SSU processome formation.\
(**a**) The 5' ETS recruits UtpA (blue), UtpB (light red), U3 snoRNP (pink, RNA red) and additional factors such as Utp7 (green) and Sof1 (blue). Parts of Utp7 and Sof1 are flexible in the absence of the 18S rRNA and UtpB adopts a retracted conformation as shown by the presented cryo-EM structure of the 5' ETS RNP. (**b--d**) The 5' ETS RNP forms a separate module during the transcription and independent maturation of the 18S rRNA domains (5', central, 3'major, 3'minor). Individual 18S rRNA domains can independently recruit assembly factors. The inferred structures of subsequent assembly intermediates (**b--d**) are based on the structure of the 5' ETS RNP and individual rRNA domains and associated factors as seen in the fully assembled SSU processome (e, PDB 5WLC). Assembly factors transiently associated with a particular assembly stage are boxed and labeled (*I, II, III*). Factors in these boxes (*I, II, III*) together with U14, snR30 and others leave the maturing particle before SSU processome formation as indicated by an arrow in (**d**). (**d**) UtpB acts as a sensor for the 3' end of the 18S rRNA by recognizing elements in the 3' minor domain (H44, dark blue). A conformational change in UtpB and the recruitment of 3' minor factors (dark-blue, boxed) lead to the formation of the SSU processome. (**e**) In the fully assembled SSU processome (PDB 5WLC) the 5' ETS is cleaved at site A0. Pno1 is stabilized by the interaction with the rotated UtpB CTD tetramer and Utp14 occupies a binding site obstructed by a 5' ETS RNA linker in the 5' ETS RNP.](elife-45185-fig6){#fig6}

Discussion {#s3}
==========

A new model for small subunit processome assembly {#s3-1}
-------------------------------------------------

The architecture of the 5' ETS RNP together with analyses of defined in vivo assembled pre-rRNA particles have shed light on the mechanisms of quality control during the formation of the SSU processome. While we cannot categorically rule out the possibility that the particles isolated in this study are off-pathway intermediates, the following observations suggest that this is not the case. Our previous work demonstrated that pre-rRNA mimics containing MS2 loops that are transcribed by RNA polymerase II can serve as the sole source of ribosomal RNA ([@bib4]). Furthermore, in good agreement with prior genetic and biochemical data, we detected all expected ribosome assembly factors that were associated with the studied pre-rRNA mimics. Lastly, the specific A0 cleavage observed upon SSU processome formation indicates that the studied particles undergo specific quality control as expected for native particles.

Contrary to prior models that suggested a hierarchical assembly of SSU processome factors ([@bib23]; [@bib24]) or molding of the pre-rRNA ([@bib14]), our data provides evidence for a new model of SSU processome maturation. In this model, the early steps in eukaryotic ribosome assembly are governed by the initial functional independence of the 5' ETS and stable rRNA domains, which provides sufficient flexibility for parallel maturation and can explain the high efficiency of ribosome synthesis ([Figures 1](#fig1){ref-type="fig"}, [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}). The structure of the 5' ETS RNP has further illustrated that some assembly factors (such as Mpp10, Sas10, Utp11) can bind to the earliest precursor with a high degree of flexibility before subsequent folding occurs once all rRNA domains have been assembled within the SSU processome ([Figure 6a--c](#fig6){ref-type="fig"}, [Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). A particularly important module of the 5' ETS RNP is the UtpB complex, which acts as a molecular switch and molecular sensor of pre-rRNA transcription. Disabled binding sites within UtpB prevent the premature association of later factors ([Figure 6a--d](#fig6){ref-type="fig"}). Once transcription reaches the end of the 18S and all rRNA domains have matured, UtpB changes its conformation and allows for SSU processome formation ([Figure 6e](#fig6){ref-type="fig"}). These emerging principles have general implications for the highly regulated assembly of many large eukaryotic protein and RNA-protein complexes ([@bib20]; [@bib38]; [@bib10]) that are subject to extensive control mechanisms.

Materials and methods {#s4}
=====================

Cloning of MS2-tagged 18S-rRNA domains and the MS2-3C-GFP construct {#s4-1}
-------------------------------------------------------------------

Defined segments of the rDNA locus of *S. cerevisiae* strain BY4741 were cloned into a derivative of the pESC_URA vector (Agilent Technologies). Primers used to amplify subsections of the rDNA locus are listed in [Supplementary file 3](#supp3){ref-type="supplementary-material"}. The rDNA domains were tagged with five MS2-aptamer stem loops at their 3´ ends and cloned downstream of a *gal1* promoter and upstream of a CYC terminator ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). A modified MS2-coat protein ([@bib17]) fused to an N-terminal nuclear localization signal (NLS) as well as a hemagglutinin (HA) tag and a C-terminal 3C-protease-cleavable GFP (NLS-HA-MS2-3C-GFP) was cloned into a modified pESC plasmid suitable for genome integration in yeast (B079: *gal10* promoter, G418 resistance) ([Supplementary file 3](#supp3){ref-type="supplementary-material"}).

Yeast strains {#s4-2}
-------------

B079 was linearized and integrated into the *pep4* locus of *S. cerevisiae* strain BY4741 by homologous recombination to yield Y180, which was used to create all subsequent yeast strains harboring C-terminal streptavidin-binding-peptide (SBP) tags on endogenous ribosome biogenesis factors (Utp10, Esf1, Kri1 and Mrd1) ([Supplementary file 3](#supp3){ref-type="supplementary-material"}). Homologous recombination-based integration events of C-terminal SBP tags were selected for with Hygromycin or Nourseothricin resistance cassettes. Yeast transformation and genetic manipulations were performed according to established procedures.

Expression of pre-rRNA mimics {#s4-3}
-----------------------------

Yeast strains harboring a galactose-inducible NLS-HA-MS2-3C-GFP in the *pep4* locus and a streptavidin binding peptide (SBP)-tagged ribosome assembly factor ([Figure 1---figure supplement 1](#fig1s1){ref-type="fig"}) were transformed with plasmids carrying a URA marker and rDNA constructs ([Supplementary file 3](#supp3){ref-type="supplementary-material"}): strain Y186 (Utp10-SBP) was used for all experiments with plasmids containing the 5' ETS sequence (B117, B221 to B224 and B514), Y367 (Esf1-SBP) for the 5' domain containing plasmid (B506) and the 18S rRNA plasmid (B504), Y372 (Kri1-SBP) for the central domain plasmids (B502, B503) and Y374 (Mrd1-SBP) for the 3' major domain containing plasmid (B495, B496).

Transformed cells were grown on -URA synthetic dropout media plates supplemented with 2% glucose (w/v) and appropriate antibiotics ([Supplementary file 3](#supp3){ref-type="supplementary-material"}) for 2 days at 30°C. Selected colonies were picked and grown in pre-cultures (100 ml) of -URA synthetic dropout media supplemented with 2% raffinose (w/v) and selective antibiotics to an optical density (OD) of 2 at 600 nm. Large-scale cultures were inoculated with the pre-cultures and grown at 30°C for 16 hr to an OD of 4.5--7 in the presence of 2% galactose. Yeast cells were pelleted, washed twice with ddH~2~O and once with ddH~2~O supplemented with protease inhibitors (PMSF, Pepstatin A, E-64). The cells were flash frozen in liquid N~2~ and subsequently cryo-ground using a planetary ball mill (Retsch PM100).

Purification of overexpressed pre-rRNA mimic-containing RNPs {#s4-4}
------------------------------------------------------------

10--40 grams of cryo-ground yeast powder were resuspended in binding buffer (50 mM Tris-HCl, pH 7.5 (RT), 150 mM NaCl, 5 mM MgCl~2~, 5% glycerol, 0.1% NP40) supplemented with protease inhibitors (PMSF, Pepstatin A, E-64). Insoluble fractions were pelleted for 20 min at 40'000 *x g*, 4°C, and the supernatant was incubated with anti-GFP nanobody coupled sepharose (Chromotek) for 3 to 4 hr at 4°C. Pre-rRNA mimics and their associated proteins were eluted by 3C-protease cleavage at 4°C for 1 hr. Subsequently, eluted RNPs were applied to Streptavidin-coupled sepharose resin for 1 hr at 4°C, washed four times with wash buffer (50 mM Tris-HCl, pH 7.5 (RT), 150 mM NaCl, 5 mM MgCl~2~) and released from beads by incubation in 50 mM Tris-HCl, pH 7.5 (RT), 150 mM NaCl, 5 mM MgCl~2~, 5 mM D-biotin for 30 min at 4°C. Eluted samples were either directly used for RNA extraction, mass-spectrometry analysis and negative stain electron microscopy sample preparation, or supplemented with 5 mM putrescine, 1 mM spermidine and 0.03% Triton X-100 for subsequent cryo-electron microscopy studies.

Negative-stain electron microscopy analysis {#s4-5}
-------------------------------------------

3.5 μl of pre-ribosomal particles purified from Y186 transformed with B117 (5' ETS), B221 (5' ETS-18S^5'-domain^), B222 (5' ETS-18S^central-domain^), B223 (5' ETS-18S^3'major-domain^) or B224 (5' ETS-18S^3'minor\ domain^) were applied on glow-discharged carbon coated grids (EMS, CF200-Cu). Subsequently, grids were washed three times with ddH~2~O, twice with 2% (w/v) 0.2 μm-filtered uranyl acetate and air dried. Micrographs were acquired on a Philips CM10 operated at an acceleration voltage of 100 kV equipped with a XR16-ActiveVu (AMT) camera at a nominal magnification of 39,000 and a calibrated pixel size of 3.4 Å at the specimen level.

Cryo-EM grid preparation {#s4-6}
------------------------

Samples in elution buffer (50 mM Tris-HCl, pH 7.5 (RT), 150 mM NaCl, 5 mM MglCl~2~, 5 mM D-biotin) with absorbances of 0.35 mAU (5' ETS, B117), 0.65 mAU (5' ETS-18S^5'-domain^, B221), 0.8 mAU (5' ETS-18S^central-domain^, B222) at 260 nm (Nanodrop 2000, Thermo Scientific) were supplemented with 5 mM putrescine, 1 mM spermidine and 0.03% Triton X-100. 3.5 μl of sample was applied on glow-discharged lacey-carbon grids containing a thin carbon film (TED PELLA, Inc, Prod. No. 01824). Following a 15 s sample incubation period at close to 100% humidity, grids were blotted for 1.5--2.5 s with a blotting force of 0 and flash frozen in liquid ethane using a Vitrobot Mark IV (Thermo Fisher Scientific).

Cryo-EM data collection and processing {#s4-7}
--------------------------------------

Cryo-EM data collection was performed either on a Talos Arctica or Titan Krios (Thermo Fisher Scientific) operated at 200 kV or 300 kV respectively, both mounted with a K2 Summit detector (Gatan, Inc). SerialEM ([@bib19]) was used for automated data collection. Datasets of the 5' ETS (1199 micrographs, 1.2 Å pixel size, eight electrons per pixel and second) and the 5' domain particle (697 micrographs, 1.9 Å pixel size, 15 electrons per pixel and second) were collected on a Talos Arctica and processed using RELION-2 ([@bib12]). As a starting model, a CryoSPARC ([@bib26]) generated initial model obtained from the 5' domain data set was used. While the 5' ETS particle could not be refined to a high resolution (\~17 Å) due to heterogeneity in the sample, we were able to obtain a \~ 10 Å reconstruction of the 5' domain particle with similar overall structure but better resolved density for the A1 binding site of Sof1 and Utp7 ([Figure 1---figure supplement 2, a](#fig1s2){ref-type="fig"} to c).

The central-domain particle dataset was acquired on a Titan Krios: 2750 movies with 32 frames over an exposure time of 8 s at a dose rate of 10 electrons per pixel and second (total dose of 31.25 e^-^/Å^2^) over a defocus range of 1--3.5 μm at 1.6 Å pixel size (super-resolution pixel size 0.8 Å). Motion correction within RELION-3 ([@bib41]) was used for gain normalization, beam-induced motion correction and dose-weighting. The contrast transfer function was estimated with CTFFIND-4.1.5 ([@bib28]). Removal of micrographs with bad CTF fits resulted in a total of 2'592 micrographs used for reference-free particle picking with gautomatch (<http://www.mrc-lmb.cam.ac.uk/kzhang/>) yielding 275'080 particles ([Figure 1---figure supplement 3c](#fig1s3){ref-type="fig"}). Particles were extracted with a box size of 360 pixel (576 Å) and subjected to 3D classification in RELION-3 with 3, 4, 5 and 7 classes and the 5' domain structure low-pass filtered to 60 Å as initial model ([Figure 1---figure supplement 3c](#fig1s3){ref-type="fig"}). From the different 3D classification runs, top classes were selected and combined to result in 180'274 unique particles. These were used for focused refinement and postprocessing resulting in a map with an overall resolution of 4.2 Å but less well resolved peripheral regions ([Figure 1---figure supplement 3c](#fig1s3){ref-type="fig"}). A subsequent 3D classification with seven classes resulted in one class (52'629 particles) with improved density for the more peripheral regions (UtpB, U3 snoRNP). This class was refined to a final resolution of 4.3 Å and deposited (EMD-0441) ([Figure 1---figure supplement 3d and e](#fig1s3){ref-type="fig"}, and [Table 1](#table1){ref-type="table"}).
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###### Cryo-EM data collection, refinement and validation statistics.

  -------------------------------------------------------------------
                                       Structure of the 5' ETS RNP\
                                       PDB 6ND4\
                                       EMD-0441
  ------------------------------------ ------------------------------
  **Data collection and processing**   

   Voltage (kV)                        300

   Pixel size (Å)                      1.6

   Electron exposure (e- / Å^2^)       31.25

   Defocus range (um)                  1--3.5

   Symmetry imposed                    C1

   Initial particle images             275'080

   Final particle images               52'629

   Resolution (Å)                      4.3

  FSC threshold                        0.143

   Map sharpening B-Factor (Å^2^ )     −64.77

                                       

  **Refinement**                       

   Initial model used                  5WLC

   Model composition                   

  Non hydrogen atoms                   64,019

  Protein residues                     10309

  RNA bases                            569

  Ligands                              0

   R.m.s. deviations                   

  Bond length (Å)                      0.01

  Angles (°)                           1.25

   Validation                          

  MolProbity score                     1.71

  Clashscore                           5.26

  Poor rotamers (%)                    0.0

  Good sugar puckers (%)               98.7

   Ramachandran                        

  Favored (%)                          93.39

  Allowed (%)                          6.56

  Outliers (%)                         0.05
  -------------------------------------------------------------------

Model building {#s4-8}
--------------

The structure of the 5' ETS RNP moiety of the small subunit processome (PDB 5WLC) ([@bib2]) was used as initial coordinates for model building in the 4.3 Å map. The entire starting coordinates of the 5' ETS RNP part of the SSU processome were docked as one entity into the density using UCSF Chimera ([@bib25]). All subunits were then individually rigid body fitted and trimmed in COOT. Major differences were observed in the six-subunit complex UtpB, which required rigid body docking of individual subunit domains (C-terminal tetramerization domains and tandem β-propellers). Additional helical density next to Utp12 could not be unambiguously assigned and therefore a poly-Alanine helix was placed. The structure was refined using phenix.real_space_refine ([@bib1]) with secondary structure restraints obtained from the model and (PDB 5WLC). Removing of side-chains resulted in a poly-alanine model with residue information (PDB 6ND4). Data collection and processing information as well as model statistics can be found in [Table 1](#table1){ref-type="table"}. Molecular graphics and analyses were performed with UCSF ChimeraX ([@bib11]) and PDBePISA ([@bib15]).

RNA extraction and northern blots {#s4-9}
---------------------------------

Total cellular RNA was extracted from 0.2 gram of frozen yeast cells after lysis by bead beating in 1 ml Trizol (Ambion). To isolate RNA from purified pre-ribosomal particles, 0.5 ml Trizol (Ambion) was added to the final D-biotin elutions and the extraction was performed according to the manufacturer's instructions. For the analysis of pre-rRNA processing states by Northern blotting, 3 μg total cellular RNA or \~100 ng of RNA extracted from purified RNPs, were loaded in each lane of a 1.2% agarose formaldehyde-formamide gel and separated at 75V for 2.5 hr. After running, the separated RNA was transferred onto a cationized nylon membrane (Zeta-Probe GT, Bio-Rad) using downward capillary transfer and cross-linked to the membrane for Northern blot analysis by UV irradiation at 254 nm with a total exposure of 120 millijoules/cm^2^ in a UV Stratalinker 2400 (Stratagene).

Prior to the addition of γ−32P-end-labeled DNA oligo nucleotide probes ([Supplementary file 3](#supp3){ref-type="supplementary-material"}), cross-linked membranes were incubated with hybridization buffer (750 mM NaCl, 75 mM trisodium citrate, 1% (w/v) SDS, 10% (w/v) dextran sulfate, 25% (v/v) formamide) for 30 min at 65°C. Labeled hybridization probes were incubated with the membrane first at 65°C for 1 hr and then at 37--45°C overnight. Blotted membranes were washed once with wash buffer 1 (300 mM NaCl, 30 mM trisodium citrate, 1% (w/v) SDS) and once with wash buffer 2 (30 mM NaCl, 3 mM trisodium citrate, 1% (w/v) SDS) for 30 min each at 45°C, before radioactive signal was read out by exposure of the washed membranes to a storage phosphor screen, which was subsequently scanned with a Typhoon 9400 variable-mode imager (GE Healthcare).

Mass spectrometry sample processing and data analysis {#s4-10}
-----------------------------------------------------

Purified RNP samples were dried and dissolved in 8 M urea/0.1 M ammonium bicarbonate/10 mM DTT. After reduction, cysteines were alkylated in 30 mM iodoacetamide. Proteins were digested with LysC (LysC, Endoproteinase LysC, Wako Chemicals) in less than 4 M urea followed by trypsination (Trypsin Gold, Promega) in less than 2 M urea. Digestions were halted by adding TFA and digests were desalted ([@bib27]) and analyzed by reversed phase nano-LC-MS/MS using a Fusion Lumos (Thermo Scientific) operated in high/high mode.

Data were quantified and searched against the *S. cerevisiae* Uniprot protein database (October 2018) concatenated with the MS2-protein sequence and common contaminations. For the search and quantitation, MaxQuant v. 1.6.0.13 ([@bib8]) was used. Oxidation of methionine and protein N-terminal acetylation were allowed as variable modifications and all cysteines were treated as being carbamidomethylated. Peptide matches were filtered using false discovery rates (FDR) for peptide spectrum matches and proteins of 2% and 1% respectively.

Data analysis: Log2 transformed Label Free Quantitation (LFQ) or intensity Based Absolute Quantitation (iBAQ) values ([@bib29]) were used for the analysis. To assess loading across the six conditions, each as biological duplicate with technical triplicates (1^st^ sample) or technical duplicates (2^nd^ sample), three metabolic enzymes (Enolase 2, Galactokinase and Glyceraldehyde-3-phosphate dehydrogenase), which we considered to be 'innocent bystanders' were examined. The signal for the three proteins were comparable between all samples. Hereafter we used the MS2-protein signal to adjust the iBAQ values for each ribosome biogenesis protein of interest. Data are available in [Supplementary file 1](#supp1){ref-type="supplementary-material"}. Data were processed using Perseus v 1.6.0.7 ([@bib35]).

Data availability {#s4-11}
-----------------

The cryo-EM density map for the 5' ETS RNP has been deposited in the EM Data Bank with accession code EMD-0441. Coordinates for the 5' ETS RNP have been deposited in the Protein Data Bank under accession code 6ND4.

Funding Information
===================

This paper was supported by the following grants:

-   http://dx.doi.org/10.13039/501100001711Swiss National Science Foundation 155515 to Jonas Barandun.

-   http://dx.doi.org/10.13039/100000002National Institutes of Health 1DP2GM123459 to Sebastian Klinge.

-   http://dx.doi.org/10.13039/100013961Robertson Foundation to Sebastian Klinge.

-   http://dx.doi.org/10.13039/100000879Alfred P. Sloan Foundation to Sebastian Klinge.

-   http://dx.doi.org/10.13039/100006984Irma T. Hirschl Trust to Sebastian Klinge.

-   Alexandrine and Alexander L Sinsheimer Fund to Sebastian Klinge.

We thank M Chaker-Margot and A Antar for help with the molecular cloning of constructs, M Ebrahim and J Sotiris for their exceptional support with data collection at the Evelyn Gruss Lipper Cryo-EM resource center and S Darst for critical reading of this manuscript. JB is supported by a Swiss National Science Foundation fellowship (155515). SK is supported by the Robertson Foundation, the Alfred P. Sloan Foundation, the Irma T Hirschl Trust, the Alexandrine and Alexander L Sinsheimer Fund and the NIH New Innovator Award (1DP2GM123459). The Rockefeller University Proteomics Resource Center acknowledges funding from the Leona M and Harry B Helmsley Charitable Trust and Sohn Conferences Foundation for mass spectrometer instrumentation.

Additional information {#s5}
======================

No competing interests declared.

Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Writing---review and editing.

Data curation, Formal analysis, Validation, Investigation, Visualization, Methodology, Writing---review and editing.

Data curation, Formal analysis, Validation, Investigation, Visualization, Writing---review and editing.

Data curation, Formal analysis, Validation, Visualization, Methodology.

Data curation, Formal analysis, Validation, Visualization, Methodology.

Conceptualization, Supervision, Funding acquisition, Writing---original draft, Project administration, Writing---review and editing.

Additional files {#s6}
================

10.7554/eLife.45185.017

###### Mass spectrometry analysis of pre-ribosomal particles.

10.7554/eLife.45185.018
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The cryo-EM density map for the 5\' ETS particle has been deposited in the EM Data Bank with accession code EMD-0441. Coordinates for the 5\' ETS particle have been deposited in the Protein Data Bank under accession code 6ND4.
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John
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Conformational switches control early maturation of the eukaryotic small ribosomal subunit\" for consideration by *eLife*. Your article has been reviewed by four peer reviewers and the evaluation has been overseen by Cynthia Wolberger as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: John Woolford (Reviewer \#3), Katrin Karbstein (Reviewer \#4).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

I want to stress that all reviewers largely agree on the strengths and shortcomings of the manuscript, and that their comments and concerns are highly overlapping. I hope that you find these comments constructive and helpful in revising this work.

Summary:

Conformational changes that accompany the earliest stages of ribosome biogenesis are crucial for setting up assembly and maturation of the particles, yet are difficult to observe because the earliest intermediates are short lived. The authors of this manuscript used a clever approach to address this problem by expressing fragments of the pre-rRNA in yeast, which cannot mature. Comparison of the proteins bound to these rRNA fragments (by MS), and the structures (by cryo-EM) of partial assemblies with the contents and structure of the processome (the downstream intermediate) suggest that (i) individual domains can assemble proteins bound to them independently of other domains, that (ii) assembly of the full processome requires the presence of all domains (iii) that UtpB undergoes a major opening during assembly to support the recruitment of late binding factors. Overall, this manuscript is considered of high interest to the field, but major improvements in the presentation and explicit mentioning of the caveats of the system must be provided. In addition, there are some requests for additional experimental data.

Essential revisions:

Necessary experimental revisions:

1\) Please analyze the binding of proteins to the 3\' domain. In order to make the argument that each domain can bind its interaction partners directly, it was felt that this piece of data was needed.

2\) Please provide a biological replicate of the mass spectrometry data, as well as a more detailed description of what is meant by \"technical\" replicates. In addition, stoichiometry of the assembly factors (relative to rRNA or r-proteins) must be addressed.

3\) Please map the cleavage products in Figure 4---figure supplement 2 to support or refute the claim that these molecules are biologically relevant. (The 5\' ETS probe and the A0-A1 show RNA pieces of the length expected for just A1 (no A0) processing for the RNPs containing ending after the 5\', central and 3\' major domains. For the one ending at the 3\' minor domain, there is a piece consistent with A0 cleavage. Further supporting the notion that this is the 5\' ETS ending at A0, this latter piece disappears with the A0-A1 probe.) This figure demonstrates A1 cleavage in all molecules but A0 cleavage only after the SSU processome is assembled (and is directly contradicting statements by the authors). This could be reconciled if A1 cleavage is actually cleavage near A1.

Necessary revisions in text:

1\) Caveats must be introduced into the manuscript in multiple instances:

a\) Whether or not these molecules are functionally relevant cannot be ascertained, and this must be clearly acknowledged. The surprising lower stringency of A1 cleavage relative to A0 cleavage must also be clearly acknowledged as suggesting that these intermediates differ somehow from real physiological intermediates.

b\) Whether a trans-mechanism for assembly (an endogenous 5\' ETS binding to the independent domains to facilitate assembly) could be functional as suggested by a reviewer should be acknowledged or ruled out in the ts PolI strains from Nomura.

2\) The existing literature must be discussed more thoroughly. This includes work on the assembly of individual domains, as well as changes during assembly visualized by other methods. Furthermore, the literature should be inspected for evidence that some of the factors recruited late are recruited in response to a conformational change (change in salt stability etc.).

3\) The authors should analyze the \"class 3\" particles or address why they excluded these from their analysis. This is especially important because an eye-ball analysis suggests it might contain UtpB in the \"mature\" conformation.

4\) The authors must revise their description of the molecule not being cleaved, taking account of the actual Northern data in Figure 4---figure supplement 2.

5\) The authors must better describe that the \"5\' ETS particle\" is and if it contains more than just the 5\' ETS, as believed, its name must be revised.

6\) Figure organization and clarity should be improved. Specific comments include:

a\) For Figure 1, I would suggest turning the RNA around (from yellow to black), as we are used to read from top to bottom. The same must happen for Figure 1B, and in panel B I would also suggest that the authors include the data from their previous work on the 5\' ETS, and then go in the following order 5\' ETS, 5\' domain, central domain, etc. This would be the order of assembly from right to left. In Figure 1C, I think the authors should have the structures from Figure 1---figure supplement 2A-C, aligned with the rest of the figure.

b\) Several reviewers comment on Figure 2 being very busy. I would suggest having the 5\' ETS left and the SSU processome right, and then keep that throughout the figure. It was suggested to zoom in independently to each of the late factor binding sites. E.g., in Figure 2B it is unclear where Rrp5 is, and how that changes. Nop14 is not in the figure but referred to. Changes in the Noc4 binding site are unclear. Critically, in Figure 2C it is not clearly visible that A0 and A1 are uncut. That cleavage site needs to be pointed out.

c\) The data currently presented in Supplementary Figure 6 need to be in the main paper. This is a major conclusion, perhaps *the* major conclusion of the work. I would also encourage the authors to turn the presentation in the manuscript around: it is closed in the 5\' ETS RNP and opens up. This is (they think) the order in which assembly happens.

d\) The legend for Figure 4 needs to stress that these are inferred not observed. It should be added where these inferences are coming from (which is totally unclear to me), and it needs to be clarified in the legend that some AFs leave the complex according to this model.

e\) Figure 4---figure supplement 1C: Can the authors label the protein bands in the gels?

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Conformational switches control early maturation of the eukaryotic small ribosomal subunit\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Cynthia Wolberger (Senior Editor), a Reviewing Editor, and two reviewers.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below:

There is no concern that you were unable to assemble just the 3\' domain. But there is unanimous agreement that this requires you to qualify some of your statements, including in the Abstract, which currently states: \"Here we show that *each* rRNA domain of the small ribosomal subunit can independently recruit its own biogenesis factors in vivo.\" Similar statements are found in the Introduction and Discussion.

All reviewers are also unanimous that a qualifying sentence about the functionality would be \"scholarly\", given that you cannot show it due to the limitations of the assay. This could be along the lines of: \"While we cannot rule out the possibility that these are off-pathway intermediates, the following strongly suggests that this is not the case.\" You do not need to use that wording, but you get the idea. I also want to make it clear that all reviewers specifically state that they do not feel that this affects the impact of the work.

There is also unanimous agreement that the wording 5\' ETS particle is inappropriate. In the 2015 paper that you reference you actually did use a 5\' ETS RNA and found 26 proteins assemble. Nonetheless in here you are studying the structure of an RNP containing 5\' ETS, and the 5\' and central domains of 18S rRNA. Thus, you should designate the molecule accordingly. I think the confusion comes from the fact that you refer to 5\' ETS -particle as a substructure, while the writing as well as the wording particle implies a molecule.

Examples include: \"We determined the cryo-EM structures of the 5\' ETS (delete particle) in the context of \[...\]\", then later in the same paragraph: \"\[...\], we observed the 5\' ETS substructure/RNP as the unifying and stable structural entity \[...\].\"

\"Strikingly the 5\' ETS substructure/ RNP etc... adopts a structure \[...\]\".

I am sure there are more. All four reviewers, all experts in the field, did not understand which molecule you are studying, or that you refer to a changing substructure. That suggests the writing is unclear.

Finally, in Figure 1, it\'s currently impossible to distinguish between missing values and measurements of low abundance as they are both white -- this should be changed so that the figure can be interpreted.

10.7554/eLife.45185.027

Author response

> Essential revisions:
>
> Necessary experimental revisions:
>
> 1\) Please analyze the binding of proteins to the 3\' domain. In order to make the argument that each domain can bind its interaction partners directly, it was felt that this piece of data was needed.

We thank the reviewers for this suggestion. Similar to the other domains (5' and central domain), we have expressed the 3' major domain with MS2 aptamers at the 3' end. However, in contrast to the 5' and central domain, this construct in isolation is not stable when expressed in yeast as northern blotting of total cellular RNA showed that only the MS2 aptamers remain in yeast cells (Figure 4---figure supplement 1). The degradation of this construct in vivotherefore prohibits the analysis of associated proteins. To clarify this point, we also added the following statement to the Results (subsection "18S rRNA domains independently recruit their assembly factors"): *"*While the 5' domain and central domain could be stably expressed in isolation, the 3' major domain was unstable when expressed individually, which prevented a direct analysis of bound factors (Figure 1B, Figure 4---figure supplement 1A,B).*"*

> 2\) Please provide a biological replicate of the mass spectrometry data, as well as a more detailed description of what is meant by \"technical\" replicates. In addition, stoichiometry of the assembly factors (relative to rRNA or r-proteins) must be addressed.

For biological replicates, we have re-expressed all rRNA constructs used for Figure 1B in yeast. Subsequently we have performed two independent RNA-protein purifications for mass spectrometry analysis for each of these constructs, which are technical replicates as they originate from the same biological source. We have combined all the data in the revised version of Figure 1B, which now contains mass spectrometry data for each construct in quintuplets; three technical replicates of the first biological duplicate (as submitted originally) and two technical replicates of the second biological duplicate (as requested by the reviewers).

We note that the determination of an accurate stoichiometry between ribosomal proteins, ribosome assembly factors and RNAs is not possible with this approach. This is evidenced by the fact that any attempts of determining accurate stoichiometries in previous studies using this method (Chaker-Margot et al., 2015, Zhang et al., 2016, Chen et al., 2017, Chaker-Margot and Klinge, 2019) have been unsuccessful when comparing these data to subsequent structural data on the small subunit processome (Barandun et al., 2017) and large subunit precursors (Kater et al., 2017, Sanghai et al., 2018, Zhou et al., 2018).

> 3\) Please map the cleavage products in Figure 4---figure supplement 2 to support or refute the claim that these molecules are biologically relevant. (The 5\' ETS probe and the A0-A1 show RNA pieces of the length expected for just A1 (no A0) processing for the RNPs containing ending after the 5\', central and 3\' major domains. For the one ending at the 3\' minor domain, there is a piece consistent with A0 cleavage. Further supporting the notion that this is the 5\' ETS ending at A0, this latter piece disappears with the A0-A1 probe.) This figure demonstrates A1 cleavage in all molecules but A0 cleavage only after the SSU processome is assembled (and is directly contradicting statements by the authors). This could be reconciled if A1 cleavage is actually cleavage near A1.

In our original submission a northern blot with an MS2 probe of total cellular RNA highlighted that in vivoeach of the constructs was present with the expected length as the dominant species (Figure 4---figure supplement 2B). We also showed that specifically upon purification of these particles, degradation products appear in the northern blots when the MS2, 5' ETS or A0-A1 probes are used (Figure 4---figure supplement 2C-E). This suggested that degradation occurs during the purification of these particles. The size of the major degradation product above 750 nucleotides further suggested non-specific cleavage events since a site-specific cleavage at site A1 would generate a product of exactly 700 nucleotides for the 5' ETS and A0-A1 probes.

To further exclude the possibility that A1 cleavage occurs within these constructs, we have used the construct terminating with the central domain (5' ETS-18S^central\ domain^), which showed the most prominent degradation product with the 5' ETS probe (Figure 4---figure supplement 2D).

In a new supplementary figure (Figure 4---figure supplement 3) we have probed the representative construct (5' ETS-18S^central\ domain^) with the previous probes (MS2, 5' ETS and A0-A1) as well as a probe that binds immediately downstream of the A1 cleavage site (A1 probe) within the 5' domain. As shown in the new supplementary figure (Figure 4---figure supplement 3), the major degradation product, which runs above 750 nucleotides is detected by the 5' ETS, A0-A1 and A1 probes. This proves two important points:

1\) Non-specific cleavage, and not A1 cleavage, is responsible for the observed degradation product. This most likely occurs during the purification.

2\) The pre-ribosomal particles generated by our method are therefore biologically relevant since A1 cleavage would not be expected.

These data are further consistent with our model since early particles that are not competent to form the SSU processome do not undergo A0 or A1 cleavage whereas A0 cleavage is required for SSU processome formation to occur. First, our data conclusively rule out A1 cleavage for any of the incomplete pre-ribosomal RNA mimics (5' ETS-MS2x5; 5' ETS-18S^5'\ domain^; 5' ETS-18S^central\ domain^; 5'ETS-18S^3'\ major\ domain^). Second, for the onlyconstruct that can form a small subunit processome (5'ETS-18S^3'\ minor\ domain^) we observe A0 cleavage (with a fragment of approximately 600 nucleotides; much smaller than the degradation product), which is expected based on our previous detailed characterization of the pre-ribosomal RNAs present in the small subunit processome (Chaker-Margot et al., 2017, Figure S11A-B).

> Necessary revisions in text:
>
> 1\) Caveats must be introduced into the manuscript in multiple instances:
>
> a\) Whether or not these molecules are functionally relevant cannot be ascertained, and this must be clearly acknowledged. The surprising lower stringency of A1 cleavage relative to A0 cleavage must also be clearly acknowledged as suggesting that these intermediates differ somehow from real physiological intermediates.

We believe that the new supplementary figure (Figure 4---figure supplement 3) has addressed the concerns raised in point 3 where additional experiments were requested. In summary, the additional experiments showed that no A1 cleavage occurs in these constructs until the SSU processome is formed. We therefore believe that these preribosomal RNAs are indeed functionally relevant.

> b\) Whether a trans-mechanism for assembly (an endogenous 5\' ETS binding to the independent domains to facilitate assembly) could be functional as suggested by a reviewer should be acknowledged or ruled out in the ts PolI strains from Nomura.

We believe that a trans-mechanism is highly unlikely for several reasons.

First, small subunit processome formation is an intramolecular reaction as far as preribosomal RNA and its associated factors are concerned.

Second, within the small subunit processome the proximity of additional assembly factors (Sas10, Mpp10, Utp11 to name just a few) and U3 snoRNA, which have multiple interactions with different domains of the same pre-ribosomal RNA, further favor an intramolecular reaction as their high local concentrations will easily outcompete assembly factors that could interact in trans.

Third, if there was a trans-mechanism, an evolutionary separation of the 5' ETS and the 18S rRNA coding region would be expected as each sequence could exist in isolation. However, instead the 5' ETS always directly precedes the 18S rRNA coding region.

Fourth, if a 5' ETS particle could assemble other ribosomal RNA domains in trans, we would expect to have seen mass spectrometry evidence of these interactions in the form of 5' ETS associated factors in the pulldowns for just the 5' or central domains. However, this is not the case (Figure 1A, B).

In light of the four points outlined above we do not think it is appropriate to mention a trans-mechanism in this manuscript.

> 2\) The existing literature must be discussed more thoroughly. This includes work on the assembly of individual domains, as well as changes during assembly visualized by other methods. Furthermore, the literature should be inspected for evidence that some of the factors recruited late are recruited in response to a conformational change (change in salt stability etc.).

We thank the reviewers for this comment and have expanded the Introduction to include prior literature on individual domains and their associated factors. In particular we have highlighted the use of Miller spreads, which we believe is highly relevant for this manuscript and the proposed model.

Regarding assembly factor recruitment in response to a conformational change, previous work from our laboratory as well as that of Keqiong Ye's group has shown that the addition of 167 nt of the 3' minor domain is sufficient for the recruitment of a large number of factors to small subunit processomes (Chaker-Margot et al., 2015; Zhang et al., 2016). Both laboratories postulated that the addition of the 3' minor domain is not a direct binding site for these factors and this was further confirmed by all structures of small subunit processomes showing that these factors bind on the outside of the small subunit processome and not the 3\' minor domain directly (Kornprobst et al., 2016; Chaker-Margot et al., 2017; Sun et al., 2017; Barandun et al., 2017; Cheng et al., 2017). This observation can only be rationalized by the creation of new binding sites for these factors, which previously did not exist as the individual domains of the SSU processome (5' ETS, 5' domain, central domain, 3' major domain and 3' minor domain) were physically separated from one another. The structural changes of UtpB first described in this manuscript lend additional support to this model.

> 3\) The authors should analyze the \"class 3\" particles or address why they excluded these from their analysis. This is especially important because an eye-ball analysis suggests it might contain UtpB in the \"mature\" conformation.

To analyze the state of UtpB within class 3, this class was subjected to a subsequent 3D classification that revealed that only 22% (less than 5% of the entire dataset) contain the isolated tetramerization domain of UtpB in a mature configuration. The small number of particles and limiting resolution of the resulting reconstruction prevented further analysis. Since 64% of all particles contain the compacted configuration of UtpB, which we also observe in the reconstructions obtained for just the 5' ETS as well as the 5' ETS -5' domain construct, we believe that this dominant state is physiologically relevant.

> 4\) The authors must revise their description of the molecule not being cleaved, taking account of the actual Northern data in Figure 4---figure supplement 2.

The actual Northern data (now presented in Figure 4---figure supplement 2 and 3) show that cleavage at site A1 has not occurred.

> 5\) The authors must better describe that the \"5\' ETS particle\" is, and if it contains more than just the 5\' ETS, as believed, its name must be revised.

Originally, we coined the term "5' ETS particle" for a particle that contains the 5' external transcribed spacer and its associated 26 proteins (Chaker-Margot et al., 2015). Since our visualized 3D reconstruction contains precisely these components, we believe that the term is appropriate. To clarify this point in the manuscript, we have added a sentence in the Introduction, which states:

"The particle containing the 5' ETS region and its associated 26 unique polypeptides was termed the 5' ETS particle (Chaker-Margot et al., 2015)."

> 6\) Figure organization and clarity should be improved. Specific comments include:
>
> a\) For Figure 1, I would suggest turning the RNA around (from yellow to black), as we are used to read from top to bottom. The same must happen for Figure 1B, and in panel B I would also suggest that the authors include the data from their previous work on the 5\' ETS, and then go in the following order 5\' ETS, 5\' domain, central domain, etc. This would be the order of assembly from right to left. In Figure 1C, I think the authors should have the structures from Figure 1---figure supplement 2A-C, aligned with the rest of the figure.

While we thank the reviewer for this suggestion, we strongly believe that Figure 1 should remain exactly as it is for the following reasons:

1\) Turning panels A and B would not scientifically change the interpretation of this data.

2\) We believe that including data from previously published primary literature in a new publication is problematic.

3\) As only the highest resolution reconstruction is discussed in this manuscript, including other reconstructions would not help in clarifying the content of this manuscript for the readership.

> b\) Several reviewers comment on Figure 2 being very busy. I would suggest having the 5\' ETS left and the SSU processome right, and then keep that throughout the figure. It was suggested to zoom in independently to each of the late factor binding sites. E.g., in Figure 2B it is unclear where Rrp5 is, and how that changes. Nop14 is not in the figure but referred to. Changes in the Noc4 binding site are unclear. Critically, in Figure 2C it is not clearly visible that A0 and A1 are uncut. That cleavage site needs to be pointed out.

We thank the reviewers for this suggestion and agree that Figure 2 in its previous version was quite complex. To simplify this figure (now Figure 3; see response to point 6c below), we have split it into two parts. The first part (now Figure 3) describes the consequences of conformational changes within the SSU processome and 5' ETS particle whereas the second part (now Figure 4) describes the differences in RNA between the two particles.

To clarify the depiction of assembly factor binding sites on UtpB, we have included a visualization that shows these factors as cartoon representations on the surfaces of UtpB (Figure 3C, top part) whereas the bottom part of the same panel shows the same structures with the mapped binding sites that are labelled in italics for each of the assembly factors. Nop14 is shown in Figure 3A.

Changes in the Noc4 binding site have been re-rendered for clarification in Figure 3E and F.

To increase clarity, grey boxes have been removed and the outline width of the rendered structures has been increased.

In the RNA description (now Figure 4), sites A0 and A1 have been more clearly indicated as requested.

*c) The data currently presented in Supplementary Figure 6 need to be in the main paper. This is a major conclusion, perhaps* the *major conclusion of the work. I would also encourage the authors to turn the presentation in the manuscript around: it is closed in the 5\' ETS RNP and opens up. This is (they think) the order in which assembly happens.*

We thank the reviewer for this suggestion. We have accordingly shifted the previous Supplementary Figure 6 into the main text (now Figure 2) to put additional emphasis on this point.

> d\) The legend for Figure 4 needs to stress that these are inferred not observed. It should be added where these inferences are coming from (which is totally unclear to me), and it needs to be clarified in the legend that some AFs leave the complex according to this model.

We have revised the figure and expanded the figure legend of what is now Figure 6 to clarify the above points.

> e\) Figure 4---figure supplement 1C: Can the authors label the protein bands in the gels?

Since this manuscript discusses more than 50 assembly factors, the sheer number of these proteins does not allow us to assign bands in each gel, which is why we have used in solution mass spectrometry instead.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

*There is no concern that you were unable to assemble just the 3\' domain. But there is unanimous agreement that this requires you to qualify some of your statements, including in the Abstract, which currently states: \"Here we show that* each *rRNA domain of the small ribosomal subunit can independently recruit its own biogenesis factors in vivo.\" Similar statements are found in the Introduction and Discussion.*

> All reviewers are also unanimous that a qualifying sentence about the functionality would be \"scholarly\", given that you cannot show it due to the limitations of the assay. This could be along the lines of: \"While we cannot rule out the possibility that these are off-pathway intermediates, the following strongly suggests that this is not the case.\" You do not need to use that wording, but you get the idea. I also want to make it clear that all reviewers specifically state that they do not feel that this affects the impact of the work.
>
> There is also unanimous agreement that the wording 5\' ETS particle is inappropriate. In the 2015 paper that you reference you actually did use a 5\' ETS RNA and found 26 proteins assemble. Nonetheless in here you are studying the structure of an RNP containing 5\' ETS, and the 5- and central domains of 18S rRNA. Thus, you should designate the molecule accordingly. I think the confusion comes from the fact that you refer to 5\' ETS particle as a substructure, while the writing as well as the wording particle implies a molecule.
>
> Examples include: \"We determined the cryo-EM structures of the 5\' ETS (delete particle) in the context of \[...\]\", then later in the same paragraph: \"\[...\], we observed the 5\' ETS substructure/RNP as the unifying and stable structural entity \[...\].\"
>
> \"Strikingly the 5\' ETS substructure/ RNP etc... adopts a structure \[...\]\".
>
> I am sure there are more. All four reviewers, all experts in the field, did not understand which molecule you are studying, or that you refer to a changing substructure. That suggests the writing is unclear.
>
> Finally, in Figure 1, it\'s currently impossible to distinguish between missing values and measurements of low abundance as they are both white -- this should be changed so that the figure can be interpreted.

We have addressed the last concerns as outlined below.

1\) We have specified in the manuscript (Abstract, Introduction and Discussion) that *stable* rRNA domains, in other words the 5' and central domain of the small subunit rRNA but not the 3' major domain, can recruit their own assembly factors.

2\) By using the provided template, we have made the following statement regarding the functionality of the studied particles:

"While we cannot categorically rule out the possibility that the particles isolated in this study are off-pathway intermediates, the following observations suggest that this is not the case. Our previous work demonstrated that pre-rRNA mimics containing MS2 loops that are transcribed by RNA polymerase II can serve as the sole source of ribosomal RNA. Furthermore, in good agreement with prior genetic and biochemical data, we detected all expected ribosome assembly factors that were associated with the studied pre-rRNA mimics. Lastly, the specific A0 cleavage observed upon SSU processome formation indicates that the studied particles undergo specific quality control as expected for native particles."

3\) Thank you for the suggesting "5' ETS RNP". We have used this term in all instances where previous terminology was ambiguous.

4\) We have revised Figure 1 such that proteins that were not detected are now highlighted in light brown.

[^1]: The Laboratory for Molecular Infection Medicine Sweden (MIMS), Science for Life Laboratory, Umeå University, Umeå, Sweden.

[^2]: These authors contributed equally to this work.
